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ABSTRACT
SPECTROSCOPIC STUDY OF THE INHIBITION OF CALCIUM OXALATE CALCULI
BY LARREA TRIDENTATA
By
LUIS ALONSO PINALES
The causes of urolithiasis include such influences as diet, metabolic disorders, and genetic factors
which have been documented as sources that aggravate urinary calculi depositions and aggregations, and,
implicitly, as causes of urolithiasis. This study endeavors to detail the scientific mechanisms involved in
calcium oxalate calculi formation, and, more importantly, their inhibition under growth conditions imposed
by the traditional medicinal approach using the herbal extract, Larrea tridentata. The calculi were synthesized
without and with Larrea tridentata infusion by employing the single diffusion gel technique. A visible
decrease in calcium oxalate crystal growth with increasing amounts of Larrea tridentata herbal infusion was
observed in photomicrographs, as well as a color change from white-transparent for pure crystals to light
orange-brown for crystals with inhibitor.

Analysis of the samples, which includes Raman, infrared

absorption, scanning electron microscopy (SEM), and X-ray powder diffraction (XRD) techniques,
demonstrate an overall transition in morphology of the crystals from monohydrate without herbal extract to
dihydrate with inhibitor. Furthermore, the resulting data from Raman and infrared absorption support the
possibilities of the influences, in this complex process, of NDGA and its derivative compounds from Larrea
tridentata, and of the bonding of the magnesium of the inhibitor with the oxalate ion on the surface of the
calculi crystals.

This assumption corroborates well with the micrographs obtained under higher

magnification, which show that the separated small crystallites consist of darker brownish cores, which we
attribute to the dominance of growth inhibition by NDGA, surrounded by light transparent thin shells, which
possibly correspond to passivation of the crystals by magnesium oxalate. The SEM results reveal the
transformation from the dominant monoclinic structure of the calcium oxalate crystals grown alone to the
vii

tetragonal dipyramidal crystal structure of the calcium oxalate crystals grown with Larrea tridentata.
Comparison between XRD experimental and simulated data, besides corroborating with our previous results,
show that each sample is a combination of different structures.
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CHAPTER 1
INTRODUCTION
1.1 Urolithiasis
Urolithiasis is a medical term describing the process of formation of stones, crystallization of salts,
in the urinary tract. This process is also called nephrolithiasis, a derivation of the Greek word for kidney,
nephros, and the word lithos meaning stone. Nephrolithiasis is the term used for the condition when stones
form in the kidneys [1]. And ureterolithiasis is the term used for the condition when stones form in the
ureters [2]. Notably the condition is manifest when a renal colic attack is felt by the patient or the passing
of a stone or stones through the urethral canals is felt as a nominal pain, dysuria [3]. A renal colic attack is
evidenced by intense pain at the groin and lower back. The renal colic attack is the reaction of the patient
to the abrasion, slicing, and/or pressure due to the obstruction in the urinary tract or the kidneys’ walls
rubbing against the stone during the kidneys’ kinetic function or both, during the patient’s movements.
Other symptoms may include hematuria, hydronephrosis, nausea and/or vomiting, oliguria, postrenal
azotemia, and pyuria [4]. Hematuria is evident when blood is present in the urine. Evidenced by pus in the
urine, pyuria may manifest the presence of calculi.

The reduction of urine flow volume due to an

obstruction in the urinary tract is known as oliguria. Specifically when nephrolithiasis is manifest as an
obstruction in the urethral canals the term postrenal azotemia is used [4]. And hydronephrosis occurs when
distention of the kidneys occurs and/or the urethral canals are obstructed as well. The word urolithiasis
comes from the French word for urine. Since the romance language of French comes from the Latin
language, the word urina and the Greek word ouron both mean urine. Again from the Latin word for
pebble, the stones are referred to as renal or urinary calculi, calculus singular and calculi plural.
Urolithiasis occurs in the urinary tract as crystallization of salts takes place. The problem develops when a
sizeable stone forms in the urinary tract or kidney, causing discomfort or intense pain [1]. The term bladder
stones or uroliths are used in veterinary science to describe the condition present in animals, which is a
1

common occurrence especially in domesticated animals such as dogs and cats. Evidenced in domesticated
animals, uroliths are diagnosed because those animals are readily exposed to medical observation, whereas
wild animals are not [5]. This thesis will refer to the stones as uroliths and will consider all stone formation
in humans and animals alike.
The compositions of uroliths are varied, but have a common chemistry. Uroliths are salts formed
when a cation and an anion combine to form a neutral compound. Salts are the result of a chemical
reaction in which ionic compounds are formed when a positively charged ion combines with a negatively
charged ion. Both ions can be conglomerates of elements of net charge, either positive or negative. They
can be organic or inorganic, such as an inorganic monatomic ion, ܽܥାଶ , or an organic polyatomic ion such
as oxalate, ܥଶ ܱସିଶ . One dynamic in the creation of salts is in the reaction between acids and bases [6].
Important in the dynamic of urolithiasis is the ionic solution of urine which enables the formation of salts.
Salts can be neutral, neither acidic nor basic. Acidic salts are known to produce hydronium ions when
dissolved in water. And basic salts produce hydroxide ions when dissolved in water. There are other
compounds that have an anionic and a cationic center but are not considered salts, they are known as
zwitterions, as are amino acids, peptides, and proteins [6]. Uroliths are commonly composed of the
following types of salts. In this thesis, the primary emphasis on uroliths is on calcium oxalates of the form
whewellite,

calcium

oxalate

dihydrate ሺܽܥଶ ܥଶ ܱସ ∙ 2ܪଶ ܱሻ.

monohydrate ሺܽܥଶ ܥଶ ܱସ ∙ ܪଶ ܱሻ,

and

weddellite,

calcium

oxalate

Named after William Whewell, an English mineralogist, whewellite is

considered an organic mineral in the crystal form known also as hydrated calcium oxalate. The crystal
color characteristics of whewellite are colorless, white, yellow, and/or brown with its transparency from
transparent to translucent. The whewellite crystal system is monoclinic, and which might posses a crystal
habit of tiny acicular crystals and crusts. Acicular refers to needle-like, slender and/or tapered crystals.
The luster of whewellite is vitreous, glassy to pearly with a hardness of 2.5 to 3.0 on the Mohs scale. The
specific gravity of whewellite is typically 2.2 and the mineral exhibits a white streak. Whewellite is
2

insoluble in water and is used as a thermogravimetric analysis standard. Thermogravimetric analysis is a
test employing precise weight, temperature, and gradient measurements [7]. Weddellite is also considered a
mineral and named after its discovery in bottom sediments of the Weddell Sea, Antarctica. The crystal
color characteristic of weddellite is yellowish brown. Weddellite is also known as hydrated calcium oxalate.
The weddellite crystal system is tetragonal and might posses a typical crystal habit of eight faceted
bipyramids with twinning.

The shapes of crystalline weddellite can exhibit complex forms such as

dumbbells with no precise angles or sides and microcrystalline agglomerate biconcave discs. The luster of
weddellite is vitreous with a hardness of 4.0 on the Mohs scale. Weddellite streaks white and exhibits no
interference pattern under polarized light [8]. Other common uroliths are the calcium apatites or calcium
hydroxyphosphates. Uroliths can manifest as calcium phosphates, magnesium phosphates, ammonium
phosphates, and ammonium magnesium phosphates, also known as struvites. Other types of uroliths are
those formed from uric acid concentrations in the urine, which are known as urates. Two other uroliths are
cystine and xanthine. And finally the rare forms of urinary calculi are the indigotin, urostealith, and
sulphonamide [9]. The premise of this thesis will concern itself with only the hydrated calcium oxalates.
1.2 Urolithiasis Epidemiology
Urolith statistics in humans living in the United States are reported by The National Kidney and
Urologic Diseases Information Clearinghouse (NKUDIC) which is a service of the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK). The National Institute of Diabetes and Digestive
and Kidney Diseases is part of the National Institutes of Health of the U.S. Department of Health and
Human Services. This institution was established in 1987 to provide information about diseases of the
kidneys and urologic system to people with kidney and urologic disorders, to their families, health care
professionals, and the public. The National Kidney and Urologic Diseases Information Clearinghouse
answers inquiries, develops and distributes publications, and works closely with professional and patient
organizations and government agencies to coordinate resources about kidney and urologic diseases [10].
3

Referred to as kidney stones, the percentages of adults reporting having uroliths as reported by the
NKUDIC between the years of 1976 and 1980 were 3.2 %, and for the years of 1988 to 1994 were 5.2 % of
adults. The self reporting adults were from the ages of 20 to 74. The percentage of women self reporting
having uroliths between the years of 1976 and 1980 were 2.8 % and in the years of 1988 through 1994 were
4.1 %. And the percentage of men self reporting having uroliths between the years of 1976 and 1980 were
4.9 % and in the years of 1988 through 1994 were 6.3 %. Clearly, a pattern of increase of reported uroliths
in adults is evident. Also, women show an increase as well, but less prevalence of uroliths among their
ranks. The male to female ratio in 2002 was 3:1 as opposed to 4:1 in 1980 [11]. Ten percent of the
population in the United States will develop uroliths that become significant and about 1 % of autopsies
conducted of deceased Americans yield the presence of uroliths. Uroliths in the United States population
commonly occur in the urinary tract with 10 in every 1,000 adults hospitalized each year for treatment of
urolithiasis [11]. Adults between the ages of 20 and 40 are more likely to develop urolithiasis with a 50 %
reoccurrence [11]. African Americans are less likely to develop uroliths than Caucasian Americans.
Hospital stays have increased since 2000 with 177,496, 2004 with 171,000, and 2006 with 166,000 stays
[10]. Adults of the age 20 and older diagnosed with urolithiasis at combined doctor visits and outpatient
hospital visits is 2 million visits in 2000 with a cost of 2.07 billion dollars spent for evaluation and
treatment [10]. There are many factors with regards to the epidemiology of urolithiasis which include
geographic location, stone composition and location, age, sex, race, diet and climate. Also changes in the
prevalence, incidence, and distribution have been linked to changing socio-economic conditions.
Economically developed countries show the prevalence rate ranging between 4% and 20% demonstrating
an increase which might be attributed to improvements in clinical-diagnostic procedures, changes in
environmental factors and in nutritional factors, namely, high consumption of animal proteins [12].
Urolithiasis in adults afflicts the western hemisphere than other parts of the world, varies in Geographic
location, and is distributed unevenly. Examples of the distribution are 5% – 9% in Europe, 12% in Canada,
4

13% – 15% in the USA, whereas in the eastern hemisphere, it is 1% – 5%. The highest risks have been
reported in some Asian countries such as Saudi Arabia with 20.1% [13]. The incidence, site, and chemical
composition of urolithic activity are attributed to changes in diet and economic conditions over time.
Renoureteral calculosis exhibiting a prevalence of calcium oxalate and phosphate is to date more frequent
in economically developed countries than vesical calculosis, which is prominent in Asia, with calculi
composed of ammonium urate and calcium oxalate [13].
1.3 Urolithiasis Treatment
Treatment for Urolithiasis is varied and might include lifestyle changes such as drinking more
liquids and refraining from eating foods high in calcium or having high oxalate content, and consuming less
meat, fish, and poultry if the patient has acidic urine. Pharmacological therapy to treat uroliths is another
method of treating the disease. Surgical treatment is the most expensive method and invasive. One of the
most common surgical methods is through extracorporeal shock wave lithotripsy (ESWL) [10].
Extracorporeal shock wave lithotripsy uses shock waves to break up the stones small enough to be passed
through urination. The recovery period for extracorporeal shock wave lithotripsy is short, depending upon
no complications and smooth application. Large uroliths, preferably, are removed by making a small
incision in the back of the patient to create a passage for an instrument called a nephroscope. This process
is called percutaneous nephrolithotomy. Percutaneous nephrolithotomy is used when extracorporeal shock
wave lithotripsy is unfeasible and most notably requires a longer recovery period. Sometimes uroliths may
be in the urethral canal or in strategic locations within the urethral system so ureteroscopic stone removal is
employed to remove the uroliths. An ureteroscope is inserted through the urethra and used to fragment the
uroliths using shock waves or to grab the urolith. Again the recovery period for ureteroscopic stone
removal is short, depending upon no complications and smooth application.
1.4 Modern Medicine
Modern medicine is the mainstream accepted medical practice referred to as allopathic medicine in
5

contrast with homeopathic medicine. The difference in original meaning being that allopathic medicine
treats disease with remedies that appear to be unrelated to the symptoms of the disease. And, homeopathic
medicine refers to “like treats like” [14]. Modern medicine is not allopathic, although it is referred to as
allopathic medicine. Other modern medicine terms used to describe it are western medicine, biomedicine,
and scientific medicine. Although a definite definition of modern medicine is rather difficult to provide due
to the varied accepted techniques and diverse specialties, there is a definite theory of practice, which is the
evidence-based concept of medicine [15]. The evidence based concept of medicine stems from the
scientific method used to best qualify the treatment or non-treatment of disease.

The concept uses

statistical, scientific, and engineering techniques developed through healthcare guidelines and research.
The guidelines are the protocols developed by modern institutions through professional consensus,
systematic review, and established scientific process. The healthcare system is governed by regulation and
judicial review, most notably by developed nations. The purpose of regulation is to standardize the
diagnosis, prognosis, and prevention of disease [16]. Common modern techniques are surgery, use of
pharmaceuticals, and use of modern diagnostic instruments. Modern medicine is relatively more expensive
than traditional medicine. The root of both general types of medical practice is traditional medicine, but
modern medicine had departed from traditional medicine and has returned to it without shedding the
scientific processes that give modern medicine qualification and efficacy.
1.5 Traditional Medicine
Traditional medicine is the medical practice developed by earlier civilizations continued to the
present day. The medical practice is disparate among various societies and evolved as a means to treat
ailments or perceived maladies through generational understanding. Formulated through a process of trial
and error, traditional medicine was relayed through distance and time by word of mouth and later written
codification. This form of medical practice may at times be unreliable and is known as indigenous or folk
medicine. Mainly comprised of medical knowledge systems that developed over generations, traditional
6

medicine includes the use of herbs, animals, minerals, therapies, manual or otherwise, and holistic
practices. Traditional medicine practices in the modern era include acupuncture, ayurveda, and herbal
medicine, among others. Adopted medical systems outside western culture are referred to as alternate
medicine or complementary medicine [17, 18]. Defined by The World Health Organization, traditional
medicine is "the health practices, approaches, knowledge and beliefs incorporating plant, animal and
mineral-based medicines, spiritual therapies, manual techniques and exercises, applied singularly or in
combination to treat, diagnose and prevent illnesses or maintain well-being" [19]. The basic difference
between modern medicine and traditional medicine is that the scientific method is rarely employed for the
traditional medicine.
1.6 Larrea Tridentata
Larrea tridentata is a common shrub found in the arid desert like climates of North America and
South America. Also known as creosote bush, chaparral, and greasewood in English, it is known in
Spanish as gobernadora, which means governess, and hediondilla, little smelly one [20]. Known for its
smell, creosote bush releases a distinct penetrating odor into the environment. Known to be bitter tasting,
Larrea tridentata is toxic to livestock and most wildlife [20]. Larrea tridentata retains greenery throughout
the seasons, but its prevalence might be limited through extreme freezes. A bush nominally one to three
meters high with opposing leaves one centimeter long, Larrea tridentata leafs are asymmetrical and the bush
is branched and knotty [20]. A thick glossy resin covers the leaves and the flowers have five yellow clawed
petals [20]. Larrea tridentata produces a rounded capsule fruit with white hairs. Although its use for human
consumption is prohibited by the Food and Drug Administration of the United States and is discouraged by
the modern medicine profession, because of its prominent beneficial effect as self-medication for more than
50 diseases such as renal, gallblader and kidney stones, cancer, and tuberculosis, among others, researchers
currently study its phytochemistry [21-26]. A number of components such as glycosylated flavonoids,
sapogenins, oils, halogenic alkaloids and waxes are known to be found in Larrea tridentata. The most
7

notable compound in this plant is nordihydroguaiaretic acid (NDGA) which has already been proven to
have an antioxidant effect and to posses HIV Tat-regulated transactivation abilities [21-26].

Larrea

tridentata is of the kingdom plantae, phylum magnoliophyta, class magnoliopsida, order zygophyllales,
family zygophyllaceae, genus larrea, and species tridentata [27]. Figures 2.1-2.3 show a Larrea tridentata
bush, its branches, its fruits, and its flowers growing in its natural state in El Paso, Texas.

Figure 2.1 Larrea tridentata bush growing in its natural state in El Paso, Texas.

8

Figure 2.2 Larrea tridentata bush branch growing in its natural state in El Paso, Texas.

9

Figure 2.3 Larrea tridentata bush flowers and fruits growing in its natural state in El Paso, Texas.
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CHAPTER 2
LITERARY REVIEW
2.1 Purpose of Study
The formation of kidney stones or calculi in the urinary tract, urolithiasis, has been extensively studied
but it is not yet fully understood and much less controlled due to its complexity [28-30]. The inhibition of
urinary calculi has been studied in both modern medicine and traditional medicine, mostly in vivo. There
have been limited medical studies done outside the patient or subject and even fewer applying modern
spectroscopic techniques. Herbal medicine has rarely been studied using modern spectroscopic techniques, as
well. The purpose of this study is to report spectroscopic results stemming out of inhibiting urolith growth
during laboratory synthesis of calcium oxalate crystals. Herbal medicine resurgence in the modern practice of
medicine has come about because of factors relating to effectiveness, fewer side effects, and cost [30].
The recent rise in plant antiurolithiatic activity reviews by accredited investigators has given credence to the
application of modern spectroscopic analysis [30]. There are several scientific reviews highlighting such
research as evidenced by the reviews of Prasad et al. [30], Arteaga et al. [20], in which the review of Larrea
tridentata as an antiurolithiatic, among other claims, are elaborated such as in Joseph et al. [31], Manciu et al.
[32], Govani [33], Zhang et al. [34], and Bensatal et al. [35].
Urolith formation involving the calcium cation is the most common type of crystal found as a result of
the urinary calculi nucleation process [31]. The compositions of the calcium uroliths are of a mixed variety,
up to a 45% concentration being calcium oxalate and calcium phosphate. And only 5% of the uroliths formed
are of calcium phosphate alone. The other 40% of the urolith concentration is of the single calcium oxalate
variety [31]. Supersaturation of the urine is required for urolith formation. The supersaturation is dependent
upon several factors: complexity, such as proteinaceous matrix, crystals, and particulate matter foreign or
otherwise; pH concentration mainly in the acidic regime; solute concentration, generally in the form of
oxalate, for cationic oxalate nucleation; and ionic strength [31]. Nucleation can occur by a heterogeneous
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process involving precursors or anchors such as surfaces, the epithelial cells of the organ walls, proteins, cell
byproducts, urine casts, and crystals, among others [31].
Nucleation in the distal nephron of the kidney where renal tubular fluid is supersaturated crystallizes
calcium oxalate uroliths as evidenced by Sheng et al. [36], Vincent [37], Wang et al. [38], Qiu et al. [39], and
Wesson et al. [40]. Calcium oxalate monohydrate is most notably observed in uroliths at a ratio of 2 to 1
compared with the occurrence of calcium oxalate dihydrate [36]. Calcium oxalate monohydrate is the more
thermodynamically stable. And notably calcium oxalate monohydrate is most likely to form stable strong
adhesive contacts with epithelial cells than calcium oxalate dihydrate [36]. Anionic carboxylic functional
groups such as glutamate and aspartate present in cell surfaces provide a catalyst to crystal aggregation of
calcium oxalate [37]. Interfacial charges at carboxylic functional groups can be increased by the acid-base
reactions in vivo due to pH modification. The deprotonation caused by raising the pH yields  ܪା and ିܱܱܥ
from ି ܪܱܱܥwhich determines the charge density of the surface [37]. Urease producing microorganisms
present in urinary tract infections are known to induce crystallization whereas proteins, magnesium,
pyrophosphate, glycosaminoglycans, and citrate of strong concentrations have been demonstrated to inhibit
calcium oxalate urolith nucleation [38, 39]. Wesson et al. states that calcium oxalate dihydrate has not been
found without calcium oxalate monohydrate [40]. Further, protein interactions with calcium oxalate are likely
involved in the crystal morphology tending towards calcium oxalate dihydrate nucleation [40]. Characteristic
sizes of anionic polypeptides in the calcium oxalate crystal nucleation also influence an inhibitory mechanism
of urolith production [40].
Atomic force microscopy has been used to study the growth and dissolution of calcium oxalate
monohydrate crystals [41]. Having one symmetric plane, calcium oxalate monohydrate crystals belong to the
prismatic class of monoclinic symmetry [41].

The axis of a calcium oxalate monohydrate crystal is

perpendicular to the symmetric plane. The OH groups of the calcium oxalate monohydrate molecule lie
along the [001] direction and the alternating molecular layers, either positively or negatively charged, are
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parallel to <100> [41]. Atomic plane arrangement is either parallel or perpendicular to <100> [41]. The faces
of the calcium oxalate monohydrate crystals grow rapidly by the dislocation mechanism and slowly by
forming two dimensional nuclei [41].

The structure is highly defective as evidenced by the formation of

twins, aggregates, spherulites, and dendrites [41]. The rate of dissolution of the calcium oxalate monohydrate
crystal is greater than that of the growth process and adding Fe and Al ions greatly increases the rate of
dissolution above that of ordinary water and Aqua RX [41].

Most notably Scanning Electron Microscopy

has revealed a pseudomorphism of the nucleation of calcium oxalates from monohydrate then dihydrate to
monohydrate with the majority of the crystal formation exhibiting high twinning, aggregates, spherulites, and
dendrites and main composition of monohydrate form as detailed in Tazzoli et al. [42], Aquilano et al. [43],
Millan [44], Katkova et al. [45], and Hesse et al. [46]. X-ray powder diffraction has revealed a crystallization
composition of the same pseudomorphism evidenced by AFN and SEM mocroscopies present in vivo uroliths
which have the crystallization signatures of both the structures of calcium oxalate as demonstrated in
Różański et al. [47].
2.2 Conduct of the Study
The difficult mimicking of the urinary tract in vitro can be approximated using a static laboratory
environment in a gel medium with appropriate concentrations of the nucleation precursors [31].

A

supernatant solution is poured onto the gel precursors and allowed to nucleate crystals of the desired variety
as in various other techniques of generating such crystals [31, 39, 40, 48]. Another method is through
volumetric titrations [35, 36, 41, 49]. Although not specifically used in this study, the recovery of in vivo
specimens has been done in other studies and the specimens obtained have a morphology similar to that of the
laboratory grown specimens [41].
Infrared spectroscopic techniques have been amply used to characterize uroliths of the in vivo and
laboratory manufactured specimens [32, 33, 48-53]. The differences in the forms of the hydrated varieties of
calcium oxalate are revelant to inhibition as well as to identifying bond types and mechanisms. The
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spectroscopic techniques enable identification of urolith specimen, inhibitor, and the transformation of the
specimen under inhibitor application.

Paluszkiewicz et al. show that Fourier Transform Infrared

Spectroscopy (FTIR) and Raman techniques can be used in the categorization of specimens and identification
of their chemical composition [51].
2.3 Inhibition of Urinary Calculi with the use of Larrea Tridentata
Larrea tridentata is known to contain several lignans such as the antioxidant nordihydroguaiaretic acid
(NDGA), 19 flavonoid aglycones, glycosylated flavonoids, sapogenins, essential oils, halogenic alkaloids,
and waxes as highlighted by Arteaga et al. [20]. The antioxidant nordihydroguaiaretic acid has been known to
be toxic, but has also been shown to inhibit the intercellular movement of transporters and protein synthesis
which can limit the nucleation of calcium oxalate monohydrate [20, 24, 25, 48]. Since chlorophyll a is an
activator in the photosynthesis process of plants [55]. Lignans, as shown by Lambert et al. [56] and AbouGazar et al. [57] demonstrate increased lipophilicity, allowing more O-methylation to cross the plasma cell
membrane relating to the ability to bond to this lipophilic target [56, 57]. All very important to explain the
inhibiting nature of Larrea tridentata extract in the formation of urinary calculi.
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CHAPTER 3
METHODOLOGY
3.1 Spectroscopic Techniques
Materials science analysis utilizes numerous techniques to answer questions about material
composition and concentration, types of molecules present, location of the molecules, bond lengths, angles,
strengths, morphology, and bond surface reactivity and distribution of the same. Modern analysis relies on
multiple techniques to answer these questions. Since no single technique can answer all the questions
adequately, different techniques are used, including optical spectroscopies, which are employed to probe and
to provide their particular information to gain insight on the material explored. Most notably, specimen
fragility, amount, macroscopic state, and other tangible qualities determine the method to be used or a
combination of them depending on the process of analysis, be it destructive, nondestructive, highly
descriptive, and/or required.

Techniques such as Raman and Infrared Absorption and Transmission

Spectroscopies, Scanning Electron Microscopy (SEM), and X-ray Diffraction (XRD) are used to gain
information on material chemical composition, concentration, morphology, and material bonding states [53].
Fourier Transform Infrared (FTIR) and Confocal Raman (Raman) spectroscopies are two powerful
characterization techniques which complement each other and provide information regarding the chemical
nature and structural properties of the bonding between atoms. These two techniques are typically paired
and deal with the interaction of electromagnetic radiation and the molecular vibrational and rotational
levels of the molecular structure and major chemical functional groups in a material [58]. There are, for
some vibrational modes, a small number of atoms which have a large displacement and for the rest, which
do not participate in the vibration, there is none.

Hence the frequency of these modes is therefore

characteristic for specific atoms which are independent of other atoms in the molecule. Specific frequencies
can represent a specific chemical group that is a signature feature of the material being analyzed [58].
However, materials, whether they may be heterogeneous, homogenous, pure or mixed compounds, all have
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distinct vibrational modes that can distinguish them from other materials even with the same elements and
combinations. This phenomenon allows Fourier transform infrared and Raman to accurately identify and
characterize different materials with their specific information.

The major advantage of these two

complementary techniques is that they focus on two different mechanisms of photon energy transfer that
depend on the molecular structure of the sample studied.

These techniques give complementary

information on all active vibrational and rotational levels of the molecules within the sample.

A

combination of these characterization techniques yields information on chemical groups; those that are
asymmetric in their molecular structure and therefore undergo large changes in electric dipole moments
during molecular vibration tend to display strong infrared lines, and those chemical functional groups that
are symmetric in their molecular structure undergo large changes in electron polarizability during vibration,
which tends to exhibit strong Raman spectral lines.
3.2 Use of Raman Microscopy
A technique used in material surface science, Raman spectroscopy is named after Professor Sir C. V.
Raman [59]. The inelastic scattering of monochromatic light from sources such as a laser in the visible, near
infrared, or near ultraviolet range is used to extract information using the quantum of energy hv. The
interactions of the incident laser light with the phonons or other excitations in a material’s molecular bonds
give shifts in some of the scattered photon energies [59]. In a semiclassical sense, Raman scattering is
induced by a change in the electronic polarizability of molecules in the sample, whereby resultant
transmission from symmetric functional groups is used to characterize them. Electromagnetic radiation
induces a dipole moment in a molecule as the electric field component interacts with the same. This induced
dipole moment, p, and the electric field, E, are related by a property called polarizability, α, so that p = αE.
This α is a measure of the deformability of the electron cloud of the molecule by the electric field [60]. The
change in polarizability induced by a molecule’s thermal vibration allows optical frequencies to undergo
amplitude modulation of the induced dipole moment oscillation, which enables the measureable Raman
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frequency components. The dipole moment is a vector while polarizability is, in general, described by a
tensor. It is important to note that for a vibration to be Raman active it must occur with a change in the
polarizability of the molecule [60]. There are three types of scattering, the first being Rayleigh scattering,
which is elastic scattering, where a molecule interacts elastically with light and no change in vibrational or
rotational levels occurs. Second, Stokes scattering, which is the bread and butter of the Raman shift, involves
an addition of a phonon into the sample and a reduced photon signature from the incident photon allowing an
explicit molecular signature. This is known as the Raman effect where the scattered light has undergone an
inelastic interaction with the molecule. The result of this interaction is a change in the vibrational and/or
rotational energies of the molecule which are called the normal modes [61]. This particular change in
energy levels occurs by an amount, ∆E. Therefore, describing the change in the frequency of the scattering
photon due to the change in molecular energy, we have, ∆ = ܧℎݒ − ℎݒ , where, ݒ , is the frequency of
the incoming photon, ݒ is the frequency of the scattered photon, and h is Plank’s constant. The energy can
be positive, which happens when the molecule absorbs the energy, or negative, which happens when the
molecule loses or gives up the energy. In Stokes scattering, the scattered photon leaves with a lower
frequency, longer wavelength, than the incident radiation. Third, Anti-Stokes scattering, involves a higher
frequency shift due to the addition of energy to the incident photon as it scatters back to the detector. The
scattered photon leaves with a higher frequency, shorter wavelength, than the incident radiation.

A

problem lies in the elastic scattering, Rayleigh, which is much more prominent than the inelastic scattering,
Raman, evidenced by a statistical ratio where only one in 100 – 1000 photons undergo Raman scattering
[61]. Therefore, a cut from the spectral cone of the incident beam region is done to extenuate the elastic
signature and unmask the resultant spectra. A Raman spectrum consists of a plot of the intensity of the
Raman scattered radiation as a function of its frequency change with respect to the frequency of the
incident radiation. This frequency difference is named the Raman shift. Both the Stokes and Anti-Stokes
shifts are revealed as spectral lines, which correspond to vibrations, phonon modes, of the sample studied.
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At ordinary temperatures most molecules exist in their ground state, which enables the Stokes lines to be
much more intense than the Anti-Stokes lines. This intensity ratio depends on the temperature of the
sample and can be determined from a Boltzmann distribution, a statistical approximation of the relevant
state of the entire system, that is, sample [61]. Choice of the monochromatic source is very important in
order to allow selection of a specific wavelength to determine whether the sample undergoes other physical
events, such as fluorescence and luminescence. For the work presented here, Raman measurements were
recorded with an alpha 300 WITec Confocal Raman system using the 532 nm excitation of a Nd:YAG laser.

Figure 3.1 The Alpha 300 WITec Confocal Raman system using the 532 nm excitation of a Nd:YAG laser
used on the experiments.

18

3.3 Use of Fourier Transform Infrared Spectroscopy (FTIR)
Another technique used in material characterization, Fourier transform infrared spectroscopy, uses a
mathematical algorithm based on a transformation of the time-domain or space-domain measurements of the
spectra collected [62].

The difference between the two types and other similar techniques are source

intensity and type optical component sweep, amplitude, geometry, data collection method, and manipulation
of the spectra. Infrared spectroscopy allows us to look at functional groups that are asymmetric in their
molecular structure and that experience a large change in electric dipole moment during molecular vibration
when irradiated by incident light. The acquisition signal is composed of the normalized absorption and
transmission signals that added together yield the quantity of one. The energy absorption is described by the
relation, ܫ = ܫ ݁ ିఈௗ , where the ratio of acquired signal intensity, I, to incident intensity, ܫ , is modulated by
the thickness, d, of the sample and its coefficient of absorption, α. Although this absorption applies to both
the symmetric and anti-symmetric types of vibration, the latter is the most remarkable and therefore the
characteristic Fourier transform infrared signature of the molecular vibrational and rotational modes. Since
photoluminescence can mask Raman spectroscopy, Infrared Spectroscopy can yield better results through its
use of infrared light sources and application of Fourier transform. The use of Fourier transform infrared
absorption spectroscopy is a non-dispersive technique in which the different frequencies of the incoming
beam are not separated out spatially. This technique irradiates the sample with a broadband source that is
usually a solid material heated by an electric current that acts as a blackbody radiator [60]. The signal,
which is an interference pattern, is generated and then compared to the distance travelled by a moving
mirror, permitting a frequency separation by means of a Fourier transform. Like most modern analytic
techniques the Fourier Transform spectroscopic system operates using a series of several processes;
emission from a source, modulation, sample interaction, collection, and transformation to an analytical tool.
A Fourier transform infrared system thus has several subsystems, beginning with a source which is a lamp
that shines through a collimator and a beam splitter followed by two modulating mirrors, one stationary and
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the other moving. This is the most important component in all Fourier Transform spectrometers and it is
called the interferometer, which is the device for physically analyzing the radiation. The purpose of the
interferometer is to identify the intensity of each wavelength present from the radiation source, the lamp.
The principle of interferometry was invented by Albert Abraham Michelson. Designed by Michelson along
with Edward Morley, the Michelson interferometer was used to disprove the luminiferous aether vehicle
that was thought to be necessary to enable light to propagate, and this later helped Albert Einstein develop
his theories of relativity. The famous Michelson-Morley experiment in 1887 employed this interferometer
to show the constancy of the speed of light across multiple inertial frames [63]. The interferometer creates
an interference pattern by splitting a beam of light into two paths, bouncing the beams back and then
recombining them. The different paths may be of different lengths or be through media composed of
different materials to create alternating interference fringes on a back detector. As noted above, the typical
Michelson interferometer consists of four main parts, an infrared source, a beamsplitter, and two plane
mirrors, one fixed and a second moving mirror. As the emitted and collimated infrared radiation travels
into the beamsplitter, which is oriented at 45° with respect to the original beam path, the beamsplitter
divides the light into two beams of equal intensity.

One of the beams is transmitted straight to a

perpendicular mirror and the other beam is reflected from a moving mirror perpendicularly to the beam’s
original travel path. The two beams are reflected back to the beamsplitter, where they recombine. The
optical path is then defined mathematically by first defining the originally transmitted light’s travel distance
to the fixed mirror as a distance of L, which is called the physical distance. Thus the total distance traveled
by this reflected light back to the beamsplitter is a distance of 2L, which is called the optical path. If the
movable mirror were the same distance from the beamsplitter as the fixed mirror, its beam would have
traveled the same physical distance L to reach it and 2L to return to the beamsplitter. The movable mirror
travels back and forth round the point at distance L by a small amount, dx. As the split beam of light
returns to the beamsplitter it has traveled a distance of 2(L + dx). The two beams are then recombined at
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the beamsplitter with an optical path difference of 2dx, also called retardation. Two possible scenarios
after the two beams recombine are constructive and destructive interference of the electromagnetic waves.
The type of interference scenario depends on the optical path difference and wavelength of the
electromagnetic wave. The relationship is academic; constructive interference happens when waves are in
phase and the retardation is a whole number multiple, nλ, of the wavelength, λ, where n = 1, 2, 3,…… so
that 2dx = nλ. Destructive interference, on the other hand, happens when waves are not in phase and the
ଵ

ଵ

ଶ

ଶ

retardation is a half integer multiple of wavelength, ݊ߣ, where n = 1, 3, 5, …… so that 2dx = ݊ߣ. This
very important relationship enables a function of the optical path difference and the wavelength of the
incident radiation to be formulated since the output beam has an intensity that depends on the amount of
constructive interference. Further analysis yields that the intensity is at a maximum when the optical path
difference is zero, since all wavelengths of light constructively interfere at this point which is called the
zero path difference (ZPD). A plot of the detector response may be created as a function of optical path
difference. This type of plot is called an interferogram. This shape of the plot or interferogram greatly
depends on the characteristics of the light source. For an interferogram of a monochromatic source, with
only one wavelength, a cosine function would be described. A Fourier transform of such an interferogram
would give a single main peak in the final spectrum, extremely useful for analysis. Since the infrared
source of the instrument used on this study is a broadband source it has a broad continuous distribution of
continuous wavelengths, and the interferogram consists of the sum of all the cosine waves that belong to
each distinct wavelength present in the beam. A single maximum and a distribution of small peaks around
the main peak will be described in the interferogam for this type of source and only at the ZPD are all of
the wavelengths in phase. Effects of the non-ideal crystal beamsplitter, the detector response, and the
apodization function, which acts to remove sidelobes in the interferogram, are evidenced in the shape of the
typical interferogram. The velocity of the moving mirror is very important and a common technique is to
apply a constant velocity, so that the interferogram will have a one-to-one linear mapping from the path
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difference domain, dx, to the time domain, t, via the mirror velocity, which is known as a continuous-scan
interferogram. The movable mirror in the interferometer can be driven at a constant velocity normally
between 0.01 cm/s and 4 cm/s. The spectral frequency distribution then becomes time dependent at the
detector. The frequencies are typically distributed in the range of a few Hz to a few kHz. The resolution of
an interferometer is determined by the total path difference and varies inversely as the maximum optical
path difference so the chosen velocity of the movable mirror is directly related to the resolution of the data
acquisition [64]. This analog optical transducer with input/output optics allows the interaction of infrared
radiation with the sample and the collection of this light into a detector. The interaction of this beam with
the sample yields a change in the total beam where the individual constituents of the spectrum are either
absorbed or transmitted. Another component of the Fourier Transform system is the detector which
measures the infrared energy of the source after it travels through the spectrometer. The task of the
detector is to transform this energy into an electrical signal that can be converted into a spectrum. The
most common type of detector is a pyroelectric detector which consists of a ferromagnetic material whose
electrical polarization is sensitive to changes in temperature. The final subsystem is the computing system
that performs a Fourier transformation of the interferogram into the desired spectrum. Since the continuous
analog signal forming the interferogram must be integrated in order to obtain the spectral amplitude a
mathematical weighting technique is employed using a cosine function. A full Fourier transformation
requires many cosine weightings and integration procedures to be carried out simultaneously in order to
recover the entire spectrum. Normally, multiple scans are desired for samples investigated given that noise
in a spectrum is reduced by the square root of the number of scans undertaken [64]. Application of Fourier
transformation is complicated, therefore it cannot be performed in real time, so every interferogram
obtained at every single scan singlet is recorded for later processing. Today, recording, weighting by a
cosine function and integration of the analog interferogram signals required by Fourier transform
spectroscopy are done with high precision after a previous analog-digital conversion in a microprocessor.
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A typical IR transmission or absorption measurement results in a plot of the absorption of the infrared light
by the sample as a function of frequency, obtained via the transmitted intensity. Therefore, in order to
acquire a reliable transmission or absorption spectrum, two steps should be performed. First, a reference
background should be taken without a sample, which is the response or background noise of the detector,
Io(v). Then, the sample is put in place and analyzed giving the sample interferogram, IT(v). The scientific
method and sound laboratory procedures should be followed because experimental variables arise, such as
the duration of the opening of the chamber which allows the atmosphere in; in this case, an altered
background reference can result. During specimen interaction, as the frequency of incoming energy
matches the frequency of the vibration of the molecules, part of the radiation is absorbed and part is
transmitted which results in the spectra. When considering the additional possibility of relection , the
relationship between the light beam intensities is as follows II(v) = Io(v) – IR(v), where the reflection, IR(v),
from the sample surfaces, as is true in the case of pellets, which is the form of each of our samples, is
neglected because of its very low intensity. This reflection intensity might become relevant if there is high
photoluminescence or metallic reflection; in either case the use of another form of spectral analysis is
warranted. As previewed above, another relationship between the relevant two intensities IT(v) and II(v) is
given by the Bouguer-Lambert-Beer law of absorption of light by a partially transmitting medium,  ்ܫሺݒሻ =
ܫூ ሺݒሻ݁ ିఈሺ௩ሻௗ , where II(v) and IT(v) denote the intensities of the incident and transmitted beams at a specific
wavenumber (v), with the incident intensity corrected for reflection if necessary, α is the linear absorption
coefficient at a specific wavenumber, and d is the thickness of the sample. The Infrared spectrum obtained
is called the transmittance, which is the ratio of transmitted beam over the reflection-corrected incident
beam,

ூ ሺ௩ሻ
ூ ሺ௩ሻ

, and it is automatically calculated by the computer. The transmittance spectrum can be obtained

in three different regions of the infrared spectrum, depending on the properties of the sample that need
analyzing. The three regions of infrared radiation are the Near Infrared (NIR), from 12500 cm-1 to 4000 cm1

, the Mid Infrared (MIR), from 4000 cm-1 to 400 cm-1, and the Far Infrared (FIR), from 400 cm-1 to 5 cm-1.
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A specific light source, detector, and beamsplitter have to be selected for each one of these frequency
ranges. The spectral infrared analysis for this study used a Globar lamp with a silicon carbide rod [61].
The lamp operates best at a temperature of 1300 K in the range of 20 cm-1 to 10,000 cm-1 wavenumbers
[58]. A pyroelectric detector made of deuterated l-alanine-doped triglycine sulfate, DLATGS, at room
temperature was employed as well. This detector operates best at 360 cm-1 to 12,000 cm-1 wavenumbers.
The beamsplitter used was a Potassium Bromide, KBr, beamsplitter for wavenumbers from 370 cm-1 to
7500 cm-1. All the samples analyzed in this study were prepared as pellets with Potassium Bromide, KBr,
as the matrix. The preparation involved mixing a very small percentage of sample material ground with
KBr in a laboratory mortar and pestle, then pressing the mixture into a thin pellet with the help of a die and
a hydraulic press at a steady pressure of 3.0 psi for a period of 4 minutes. KBr is a useful matrix because of
its transparency in the region of interest, and the only precaution that should be observed is to avoid any
water contamination, which is done by grinding the matrix as little as possible and limiting atmospheric
exposure [61].
Elaborating further, infrared absorption occurs when a sample is irradiated by a stream of photons
of different energies and the molecule absorbs some of this energy and increases the energy of its
vibrational state. Since the molecule is able to absorb only certain characteristic frequencies that match its
natural vibrational states, the changes in configuration and orientation of a molecule due to vibrations and
rotations after absorption of a stream of photons correspond to energy of meV, which correspond to the
infrared region of the electromagnetic spectrum. While the frequency depends on the particular vibrational
state, the intensity of the absorption depends on the effectiveness of the transfer of energy between the
photon and the molecule, which in infrared spectroscopy is dictated by the change in the dipole moment
occurring in the molecule as a result of the vibration [61]. A simple dipole moment is defined as the
positive charge in the dipole times the spacing between the equal and opposite charges, p = qd. The charge,
q, can be taken as the magnitude of either the total positive or negative charge present and, d, the distance
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between the “centers of gravity” of the positive and negative charge clouds, notably if the molecule
analyzed is neutral and consists of many atoms [61]. The dipole moment occurs when the electric field of
the photon acts to exert forces in opposite directions on the negative and positive centers of the molecule.
The action at a distance of these opposite forces is what causes the distance, d, between the centers of
opposite charges to change which gives rise to a dipole moment that will oscillate with the frequency of the
photon. The phenomenon demonstrates that the molecule during vibration should not have a center of
symmetry in order that the electric field can move atoms with excess opposite charges in different
directions; thus the vibrations that are antisymmetric with respect to their respective centers of charges are
infrared active.
The instrument employed for the spectral analysis performed in this study was a commercial rapidscan vacuum-based Bruker IFS 66v Fourier Transform Infrared Interferometer (FTIR) with various
upgrades. The Bruker IFS 66v is a Michelson type two-beam interferometer with basic components of
collimating optics, a fixed mirror, a beamsplitter, and a movable mirror. The Bruker IFS 66v uses a
dynamical alignment control system to compensate for imperfections in the mirror movement. The control
system facilitates a proper alignment of the interferometer by using a stabilized single mode helium-neon,
He-Ne, laser. The He-Ne laser beam follows the same optical path as the infrared light, but passes through
its own beamsplitter, which is a reference portion located at the center of the beamsplitter assembly.
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Figure 3.2 The Bruker IFS 66v Fourier Transform Infrared Interferometer (FTIR) used on the experiments.
3.4 Use of Scanning Electron Microscope (SEM)
Material analysis at times involves differing techniques to analyze sample composition and
concentration, surface morphology, and distribution of the same. One of these techniques is the use of a
scanning electron microscope (SEM). This type of microscope images a sample surface by scanning it with a
high-energy beam of electrons in a raster scan pattern. The incident beam of electrons interact with the
surface or near surface depth distribution of atoms of the sample scattering electrons of differing energies
onto a detector that resolves the analog signal into a digital signature that can be transformed into information
about electrical conductivity, surface composition, and surface topography just to name a few. The are
several types of responses that can be detected and produced from the beam bombardment from an SEM such
as secondary electrons, back-scattered electrons (BSE), characteristic X-rays, light, cathodoluminescence,
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specimen current, and transmitted electrons. High resolution images can be achieved by typical SEM’s to
resolve features of 5 nm to 1 nm or less in size. The electron beam of a SEM is produced thermionically from
a tungsten filament cathode that excites electrons into electric fields that modulate and accelerate the electrons
to the desired intensity in order to impinge the beam upon a surface [65]. A Hitachi S-4800 Field Emission
Scanning Electron Microscope (FE-SEM) with 1.4 nm, at accelerating voltage 15kV, resolution,
magnification capability from 30 x to 800,000 x, electron gun using a cold-cathode field emissions electron
source with accelerating Voltage 0.5 kV to 30 kV, variable in 0.1kV steps, on a large 5-Axis motorized 110
mm x 110mm stage was used to analyze the samples.

Figure 3.3 The Hitachi S-4800, Field Emission Scanning Electron Microscope (FE-SEM) used on the
experiments.
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3.5 Use of X-ray Diffraction (XRD)
Materials Scientists use crystallography as a tool to identify and correlate physical intrinsic and
extrinsic properties that can yield new knowledge and that can be used to exploit those characteristics for the
betterment of our lives. Extrinsic properties discovered using crystallographic techniques have enabled us to
understand the wondrous nature of materials, such as when heated iron transforms from a body-centered
cubic, bcc, structure to a face-centered cubic, fcc, structure, thereby increasing its density. Another great
result is the discovery of how the crystal lattice determines the phase transition behavior; this is very useful
for melting and combining materials [66]. Phonons behave differently in the diverse lattice structures of a
crystal. Dislocations can be inserted into the lattice structure in a myriad of techniques and processes. Point
defects can easily be inserted into a crystal simply by applying a magnetic field, heating and cooling the
crystal, and by applying a potential difference.
Scientifically, Crystallography is the study of crystal structure. The word crystallography comes
from the combination of two Greek words one being crystallon, which means a clear or transparent cold or
frozen drop. The word graphein means to write. The arrangement of the lattice atoms is very important to the
study of materials, so formulae had to be found in order to classify crystals.

The early study of

crystallography, as in any emerging classification, began with intrinsic categorizing and establishing reference
characteristics. The crystallographic axes came about by plotting the crystal faces and poles in a three
dimensional stereographic net. The points are then labeled with their respective Miller indices [66]. Through
the advent of new technology, crystallography acquired a revolutionary transformation with beam diffraction.
X-rays are used to peer into a crystal and decipher its atomic structure. Although there are other beams that
can be used, x-rays are the most common. An x-ray beam is funneled into a crystal specimen where the
electromagnetic waves are diffracted and are captured onto a photographic medium revealing the particle
scattering nature of the atomic lattice [66]. From the experimentation and analysis of Sir William Lawrence
Bragg, a method of measuring planar spacing was derived. Bragg’s Law is given as 2dhkl Sinθ=nλ, where
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theta is the beam angle with respect to the crystal face, lambda defines the x-ray wavelength, and dhkl reveals
the inter-planar distance with h,k,l being the Miller indices and n is an integer called the order of the
diffracted beam [66]. Auguste Bravais restructured crystallography by defining fourteen lattice structures that
repeat exactly in a homogenous structure [67]. There are thirty-two crystallographic point groups and twohundred and thirty space groups which are used to further define crystal structures.
X-Ray Diffraction techniques, specifically Powder Diffraction, (XRD) are used to nondestructively
analyze materials to reveal information regarding their crystallographic structure, chemical composition, and
physical properties. Scattered diffracted rays are collected to identify the scattering angle, intensity, energy,
and/or other measurable properties, hence experimental information is obtained. Powder diffraction is used
specifically to characterize the crystallographic structure, grain size, and preferred orientation of powdered
samples.

Applications of XRD include structure determination, phase analysis, stress, and texture

measurements [68]. A Siemens D5000 X-Ray Diffractometer was used to obtain the x-ray diffraction spectra.
The radiation used was monochromatic x-radiation, copper kα with a wavelength of 1.5418 Å at high
throughput mode with the filter and Kβ stripped by the software provided by the instrument [69].

29

Figure 3.4 The Siemens D5000 X-Ray Diffractometer used on the experiments.
3.6 Preparation of the Samples
One of the techniques frequently used in the formation of laboratory uroliths is the growth gel
technique which this study employs following the technique described in Joshi et al. [70, 71], Chauhan et al.
[72], and Jung et al. [73]. The single diffusion gel growth technique was used to grow the calcium oxalate
crystals. The nucleation of calcium oxalate crystals was due to the ionic union of the ܽܥାଶ cation and the
organic polyatomic ion, ܥଶ ܱସିଶ diffused in a gelatin medium, with a singular chemical path. All chemicals
used for the sample preparation experiments were purchase from Sigma-Aldrich, with the exception of the
Knox gelatin, which was purchased over the counter. A detailed description of the growth procedure is as
follows. The technique involved gently bringing to a boil a mixture of 125 mL of 0.4 M calcium chloride
(CaCl2) solution and 0.004 M MgSO4, the latter salt being added to prevent the dissolution of the formed
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crystals due to the formation of hydrochloric acid. Then, 14.28 g of Knox gelatin was added under vigorous
stirring and moderate heat. The next disposition of the resultant solution was to separate it into beakers
containing 25 mL each, then the individual beakers were adjusted to a pH of 5.5. Meanwhile, 200 ml of
water was heated to boiling. About 20 g of larrea tridentata was added to the hot water and sealed in a
thermos for about 15 min. The Larrea tridentata infusion, which contained the extract of the herb, was then
filtered and allowed to cool. After the warm solution mixture containing the ܽܥାଶ cations was allowed to
congeal, 25 mL of adjusted pH 5.5 0.4 M Potassium Oxalate (K2C2O4) solution was added to each beaker so
that the ܥଶ ܱସିଶ ions would react with the ܽܥାଶ cations as the standing migration took place. The addition of
the Larrea tridentata extract, made by the above infusion technique, to the samples in 10 mL, 25 mL, 30 mL,
and 50 mL quantities at the time of adding the K2C2O4 solution provided the inhibitor test, with the inclusion
of a control to which no extract was added. The beakers were covered and the crystal growth proceeded at
the gel-liquid interface. The crystal growth experiments were complete within several weeks and the crystals
were harvested.
The shapes and sizes of the crystals obtained were examined with an Olympus SZX12 microscope,
which was equipped with a Model 18.2 Color Mosaic Insight Firewire digital camera system. Two different
objective lenses of 1.6X PF and 20X PF were used for magnification.
The Raman measurements were acquired at ambient conditions with an alpha 300 WITec confocal
Raman system, using the 532 nm excitation of a Nd:YAG laser. An acquisition time of 5s for each spectrum
and a 100X microscope objective lens with a NA=0.95 were used in all experiments. To compensate for the
expected inhomogeneity of each sample, Raman measurements were performed for each sample in different
spots and on different crystals, the averages of these Raman spectra are presented and further analyzed below.
A Bruker IFS 66v FTIR spectrometer was employed for IR absorption experiments. Each IR spectrum
resulted from an accumulation of 256 scans at a resolution of 4 cm-1. A Hitachi S-4800 Field Emission
Scanning Electron Microscope (FE-SEM) was used to analyze the samples. And a Siemens D5000 X-Ray
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Diffractometer was used to obtain the x-ray diffraction spectra.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Microscopic Results
The crystals were visually analyzed for overall size, grain size, color change, and other intrinsic
properties. A visible decrease in calcium oxalate crystal growth was observed with increasing amounts of the
Larrea tridentata herbal infusion, which is evident in Figures 4.1 (a)-(e). There is a reduction in crystal size
from 1 mm average size for pure crystals to 0.5 mm average size for crystals grown with 50ml of Larrea
tridentata herbal infusion. A color change from white-transparent for the pure crystals to a light orange-brown
for crystals with inhibitor is observed. The picture of the control calcium oxalate crystals shown in Figure
4.1(a), shows spherulites. The other pictures of Larrea tridentata infused crystals shown on Figures 4.1 (b)-(e)
display a regressive agglomeration of granules.
Furthermore, the addition of Larrea tridentata inhibitor has a remarkable influence on the crystals’
shapes, altering them into irregular aggregates with a rough surface. Estimation of the average size of the
crystals grown with a typical amount of Larrea tridentata inhibitor is just a coarse approximation, since they
have a large size distribution. The tendency of the crystals with Larrea tridentata extract is to agglomerate
less with larger amounts of Larrea tridentata herbal infusion.

Noting the color change as definitely

originating from the presence of the herbal extract derivatives and/or compounds in the composition of the
calcium oxalate calculi, the exact nature of the chemical interactions and structural modifications occurring in
this complex process and the mechanism of inhibition can be revealed by appropriate detailed spectroscopic
analysis.
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Figure 4.1 (a) Spherulite crystallization of the calcium oxalate control samples. b) Reduction of irregular
aggregation and agglomeration of calcium oxalate samples with Larrea tridentata
ridentata infusions of 10 ml, c) 25
ml, d) 30 ml, and e) 50 ml.
Before proceeding with the spectroscopic analysis of these samples, we further investigated
investigate these
small aggregates using higher magnification, with results presented in Figures 4.2 and 4.3. For these
experiments a part of the
he sample grown with 30 ml Larrea tridentata inhibitor was sonicated into separate
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small crystallites and then analyzed the. As observed in these figures, these crystallites show tetragonal
dipyramidal shape as opposed to the spherical shape of the crystals grown without inhibitor; however, they
consist of a darker brownish dendrite core surrounded by a light transparent thin shell. This darker core
color is associated with impurities and noncrystalline organic substances from the herbal infusion, which
accumulate between the observed fiber-like branches of their cores, increasing their contrast. Their nature,
as well as that of the shell, will be discussed later after spectroscopic analysis of the samples.

Figure 4.2 Sonicated cuboidal shaped crystals of calcium oxalate infused with 30 ml of Larrea tridentata
observed under a microscope at 20X.
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Figure 4.3 Sonicated cuboidal shaped crystals of calcium oxalate infused with 30 ml of Larrea tridentata
observed under a microscope at 50X.
4.2 Raman Results
The normal forms of calculi present in urolithiasis are two forms of calcium oxalate; calcium oxalate
monohydrate (COM) and calcium oxalate dihydrate (COD).

Figure 4.4 shows the Carmona et al. [50]

standard Raman spectra for COM and COD along with the control sample Raman spectrum. There are two
significant intensity peaks in the 1200 ܿ݉ିଵto 1600 ܿ݉ିଵregion for COM as opposed to COD which only
has one. Note the similarity of the control sample Raman spectra to COM, showing double peaks in the same
region. Other features of the standard Raman spectra are similar but less intense peaks for COM than for
COD around the 500 ܿ݉ିଵ and 900 ܿ݉ିଵregions. As opposed to COM, the COD Raman spectrum shows a
single peak in the 1100 ܿ݉ିଵ region and a hump in the 1300 ܿ݉ିଵ region. The control sample Raman
spectrum does not have those peaks.

COM shows intermingling peaks within the 200 ܿ݉ିଵto 300

ܿ݉ିଵregion; so does the control sample.
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Figure 4.4 A comparison of Carmona et al. [50] standard calcium oxalate monohydrate, calcium oxalate
dihydrate, and the control sample Raman spectrum.
A straightforward and convenient method of distinguishing between these two phases is thus Raman
spectroscopy, in which a doublet of peaks, versus a single peak, is expected in the 1200 ܿ݉ିଵto 1600 ܿ݉ିଵ
region for COM versus COD, respectively, as noted in figure 4.4 [50, 74-77]. This feature represents the
strongest characteristic vibrations of symmetrical carboxyl ିܱܱܥଵ modes and the difference between the two
types of Raman spectra originates from the minerals’ structures, namely, the COM contains planar and twisted
oxalate units with shorter C-C distance in the twisted unit than in the planar one, as opposed to the COD,
which has two equal planar units with C-C distance values essentially equal to the mean of those of COM
[42].
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Figure 4.5 A comparison of control and Larrea tridentata infused samples for 10 ml, 25 ml, 30 ml, and 50 ml,
using Raman spectra between 1200 ܿ݉ିଵ -1800 ܿ݉ିଵ.
In this context, the Raman spectra presented in Figure 4.5 demonstrate a definite change in calcium
oxalate crystal morphology, from COM without inhibitor, to COD with Larrea tridentata infusion. This
affirmation is supported by the presence of the doublet of peaks around 1468 ܿ݉ିଵ and 1492 ܿ݉ିଵ in the
Raman spectrum of the crystals grown without inhibitor. Only a single intense feature around 1473 ܿ݉ିଵ is
observed for the crystals grown with Larrea tridentata infusion. Other characteristic COM vibrational lines at
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1630 ܿ݉ିଵ, the symmetric  ିܱܱܥstretching mode, and 1397 ܿ݉ିଵ, and 1726 ܿ݉ିଵ, the symmetric and
asymmetric C=O stretching modes, are observed in the Raman spectrum of the pure crystals. Also, in the
Raman spectra of the samples with inhibitor, both the weak shoulder at 1445 ܿ݉ିଵ, which is assigned to
COD morphology, and the shift by approximately 7 ܿ݉ିଵ to higher frequency of the COM vibration at 1630
ܿ݉ିଵ, suggest, again, the transformation of the samples from COM to COD under the influence of herbal
infusion. The very weak feature at 1661 ܿ݉ିଵmight be attributed to the presence of the Larrea tridentata in
these samples; its intensity is increasing with the use of larger amounts of the herbal extract in the growing
process.
The Raman spectra of these samples in the lower frequency region, between 120 ܿ݉ିଵ and 1200
ܿ݉ିଵ, are presented in Figure 4.6. Additional confirmation of the monohydrate structure of the crystals
grown without the inhibitor is detectable in the corresponding Raman spectrum from the peaks at 201 ܿ݉ିଵ,
248 ܿ݉ିଵ, 503 ܿ݉ିଵ, and 597 ܿ݉ିଵ, which are attributed to δ(O-C-O) bending vibrations, and at 864 ܿ݉ିଵ,
895 ܿ݉ିଵ, and 942 ܿ݉ିଵ, which are attributed to ν(C-C) stretching vibrations [75, 76].

Most of these

features are shifted to higher frequencies in the spectra of the samples with inhibitor, as follows: 201 ܿ݉ିଵ to
226 ܿ݉ିଵ, 248 ܿ݉ିଵ to 266 ܿ݉ିଵ, 503 ܿ݉ିଵ to 529 ܿ݉ିଵ, and 895 ܿ݉ିଵ to 917 ܿ݉ିଵ.
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Figure 4.6 A comparison of control and Larrea tridentata infused samples for 10 ml, 25 ml, 30 ml, and 50 ml,
using Raman spectra between 0 ܿ݉ିଵ- 1200 ܿ݉ିଵ.
The Raman spectra of these samples in the high frequency region, which are presented in Figure 4.7,
show only an increasingly intense peak at 3370 ܿ݉ିଵ for the samples grown with inhibitor. Whereas no
Raman vibrational line is observed at this location in the spectrum of the pure crystals, the increasing
intensity of the 3370 ܿ݉ିଵ line with increasing amounts of Larrea tridentata infusion suggesting again an
association of this vibrational line with the presence of the inhibitor.
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Figure 4.7 A comparison of control and Larrea tridentata infused samples for 10 ml, 25 ml, 30 ml, and 50 ml,
using Raman spectra between 2800 ܿ݉ିଵ - 4000 ܿ݉ିଵ.
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4.3 Infrared Absorption Results
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Figure 4.8 A comparison of Carmona et al. [50] standard calcium oxalate monohydrate, calcium oxalate
dihydrate, and the control sample infrared spectra.
The infrared spectra for both the calcium oxalate monohydrate and calcium oxalate dihydrate
obtained from Carmona et al. [50] literature in figure 4.8 shows definite increases in absorption at 3800 ܿ݉ିଵ
to 3000 ܿ݉ିଵ range for COD as opposed to COM. Also, an increase of absorption for COD than COM in the
800 ܿ݉ିଵ to 400 ܿ݉ିଵ range can be observed. The control sample infrared spectra shows the absorption
signature of the Carmona et al. [50] COM spectra.
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Figure 4.9 A comparison of control and Larrea tridentata infused samples for 10 ml, 25 ml, 30 ml, and 50 ml,
using infrared spectra between 400 ܿ݉ିଵ - 2400 ܿ݉ିଵ.
The IR absorption spectra of the crystals grown without, bold black line, and with the inhibitor and
the spectrum of the Larrea tridentata infusion alone, bold gray line, are presented in Figure 4.9. The IR
spectrum of the control crystals show the existence of vibrational lines at 519 ܿ݉ିଵ (CO2 wagging mode),
665 ܿ݉ିଵ (water librations), 782 ܿ݉ିଵ (in-plane O-C-O deformation), 884 ܿ݉ିଵ (water librations), 949
ܿ݉ିଵ (water librations), 1317 ܿ݉ିଵ (symmetric CO2 stretching mode), and 1630 ܿ݉ିଵ (overlapped
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antisymmetric stretching and rocking CO2 modes), which were previously observed in COM crystals confirm
again the monohydrate structure of the oxalate crystals. Comparison of this spectrum with the spectra of the
crystals grown with inhibitor shows, in the latter, disappearance of the 782 ܿ݉ିଵ, 884 ܿ݉ିଵ, and 949 ܿ݉ିଵ
features. Also, a decrease in the intensities of the absorption bands at 519 ܿ݉ିଵand 665 ܿ݉ିଵ, together with
their very small shifting, is observed. On the other hand, a definite increase appears in the intensity of the
weak shoulder situated at the higher energy side of the 1317 ܿ݉ିଵ vibrational line, which transforms into a
sharp absorption at 1373 ܿ݉ିଵ. Furthermore, the 1317 ܿ݉ିଵpeak shifts to 1325 ܿ݉ିଵin the spectra of the
crystals grown with inhibitor, all these changes confirm again the transformation of the samples from COM to
COD under the influence of herbal infusion, as previously observed in Raman data. There is no direct
indication of the presence of Larrea tridentata infusion in these regions of the spectra.
The IR spectra in the higher frequency region (Figure 4.10) shows a disappearance of the water
vibrations in the spectrum of the standard crystal, a broad absorption band for the Larrea tridentata infusion
spectrum, and a relatively strong sharp vibration around 3388 ܿ݉ିଵfor the spectra of the crystals grown with
inhibitor. While this latter vibration could be associated with the presence of the inhibitor, its sharpness
suggests that a typical interaction between typical component of Larrea tridentata and the crystal should take
place (potential formation of magnesium oxalate).
presented earlier.
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This affirmation is supported by the micrographs
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Figure 4.10 A comparison of control and Larrea tridentata infused samples for 10 ml, 25 ml, 30 ml, and 50 ml,
using infrared spectra between 2400 ܿ݉ିଵ - 4500 ܿ݉ିଵ.
4.4 Scanning Electron Microscopy Results
Observations of some of the standard crystals and Larrea tridentata infused samples grown in the gel
were done under a scanning electron microscope (SEM). It has been reported in the literature, Millan [44],
that the main forms of whewellite (monohydrate) crystals are spherical, dendrite, multi-branched tree like
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formation, and akin to a snowflake formation, among others.[44] Important, characteristic planes for this
structure are [100], [010], [121], and [021].

Figure 4.11 shows the basic structure characteristics of

whewellite planar morphology as well as the basic geometric form. Another form is the [001] distribution of
planes, which are abundant in mineral crystals which constitute the equilibrium morphology of the grown
whewellite crystals. Usually, the complete pseudomorphs of whewellite occur in spherulite cores and serve
as the nucleation centers for both structures, those of whewellite and weddellite alike.
A representative SEM image of a crystal grown alone, showing a spherical crystal structure formation,
is presented in Figure 4.12. This spherical crystal structure, which can be described as a ball with sharp edges
of irregular distribution, illustrates another description of spherullitic monohydrate crystal growth as a
formation with fractal patterns on the outside edges. Those edges show the planes <100> in twinning form as
well as the overridingly distributed planes <100>, which seems to be the preferred orientation significant to
enhanced growth [43]. Tiny acicular crystals and crusts are also shown at those plane orientations at the same
edges of the spherical structure.
Nearer to the center of figure 4.13, there appears a significant distribution of <121>, <010>, and
<101>, demonstrating a transformation of form to a more complex facet. That facet was of the monoclinic
structure plane distributions <0 1 4>, < 0 1 0>, < 1 2 0>, < 1 1 0>, < 1 0 0>, < 0 0 1> with some of them a bit
harder to identify [44]. Identification of some of the other planes was through a visual interpretation.
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Figure 4.11 Basic crystal structure of calcium oxalate monohydrate (Millan [75]).
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Figure 4.12 SEM image of calcium oxalate monohydrate control sample of spherical crystal structure
formation.
Figures 4.12 and 4.13 show crystals grown without Larrea tridentata inhibitor at higher
magnifications, where the twining common to calcium oxalate monohydrate formation can be visually
inferred. Identification of some of the planes such as < 1 2 1>, < 01 0>, and < 1 0 0> demonstrates the
monoclinic structure of these crystals. Again the twining at the edges shows the plane distributions [121],
[010], and [101].
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Figure 4.13 (a), (b), (c) SEM images of calcium oxalate monohydrate control sample of the spherical crystal
structure formation at higher magnifications.
Figures 4.13 (a)-(c) shows SEM images at the high magnifications possible in these experiments,
since over saturation and distortion was a problem at higher magnifications.

Figure 4.14 shows the

agglomeration of a Larrea tridentata infused crystal formation of irregular form and exemplifying the diverse
morphology of this type of distribution. The structure that developed in the processed images was an
aggregate conglomerated of smooth circular edges with a smeared, gel-like irregular distribution. An
appropriate description of this irregular crystal structure growth is a formation comprised of tetragonal
rectangular structures with rounded edges.
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Figure 4.14 SEM image of calcium oxalate dihydrate sample infused with 30 ml of Larrea tridentata.
Figure 4.15 is another agglomeration of the Larrea tridentata infused crystal structure formation of
irregular type exemplifying the diverse morphology of distribution. The images show inside curved irregular
rectangular structures described as irregular patterns of dipyramidal structures of the tetragonal type [45].
Those structures show the planes <100> and <101> overridingly distributed, which seem to be the preferred
orientations significant to enhanced growth. Tiny tetragonal dipyramidal crystals are also visible at those
plane orientations at the same edges, and inside of the irregular structure.
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Figure 4.15 SEM image of another calcium oxalate dihydrate sample infused with 30 ml of Larrea tridentata.
In the centers of Figure 4.14 and Figure 4.15 and the closer inspection, at higher magnification, shown
in figure 4.16, there appear significant distributions of the planes <214>, <104>, and <024>, demonstrating a
transformation from monoclinic to a more complex tetragonal dipyramidal facet [45]. This facet is of the
tetragonal structural type of hemimorphic plane distributions, different top and bottom, plus the tetragonal
pyramid, the tetragonal prism, and the pedion with some of them a bit harder to identify. Figures 4.16 (a)-(b)
show a higher magnification were one can visually infer the structural distribution common to calcium
oxalate dihydrate formation. In this figure can more clearly be seen the distributions of [214], [104], and
[024] planes in offset curved rectangular structures of the tetragonal type.
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Figure 4.16 (a), (b) SEM images of calcium oxalate dihydrate sample infused with 30 ml of Larrea tridentata.
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4.5 X-ray Diffraction Results
The X-ray diffraction spectra of crystals grown without and with inhibitor spectra for both the calcium
oxalate monohydrate, whewellite, and calcium oxalate dihydrate, weddellite, obtained from RRUFF project
data literature of pure standard samples in figures 4.17 (a)-(d) shows definite correlation of the control spectra
with the whewellite spectra. Also, the infused Larrea tridentata spectra shows a offset correlation with the
weddellite spectra. There are however more planar orientations evident in all the spectras and demonstrate a
more complex morphology.
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Figure 4.17 A comparison of RRUFF project data, a) standard calcium oxalate monohydrate (whewellite), b)
calcium oxalate dihydrate (weddellite), c) control sample, and d) Larrea tridentata infused sample of 30 ml.
The X-ray diffraction spectra of crystals grown without and with inhibitor are presented in Figures
4.18 (a) and (b), respectively; shown are the most distinctive plane distributions obtained through a LaBeil Fit
of the control and experimental Larrea tridentata infused samples for 10 ml, 25 ml, and 30 ml.
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Figure 4.18 (a) A comparison of standard control sample and (b) Larrea tridentata infused samples of 10 ml,
25 ml, and 30 ml XRD spectra.
The X-Ray diffraction spectrum of the control sample, which is presented in Figure 4.18 (a), shows a
very intense peak at a 2Θ of 28 degree, a multitude of peaks around 2Θ values of 23, 24, 31, 32, 33, 34, 37,
38, 39, and 42 degrees, and a not so well defined diffraction pattern between 45 and 50 degrees. Quick
comparison of this spectrum with previously reported X-ray diffraction data (from the literature, Figure 4.17)
demonstrates that this sample has largely a monoclinic structure. The current data also show the partial
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presence of additions of other crystalline material in the sample.
The spectra of the samples grown with the addition of the herbal infusion present diffraction peaks at
2Θ values of 23, 26, 28, 35, 36, 38, 39, 44, 45, 46, 49, 52, and 57 degrees. A decrease in the number of
diffraction peaks could be observed in the X-ray spectra of these samples grown with the addition of Larrea
tridentata infusion, which are presented in Figure 4.18 (b), as compared with the diffraction pattern of the
standard crystal. This observation not only suggests a change in crystal morphology, but, knowing that a
higher symmetry should exhibit fewer diffraction peaks, a change from a monohydrate to a dihydrate
structure could be implied, corroborating with our previous affirmation. Furthermore, the resemblance of
these spectra to the XRD data reported in the literature for a dihydrate structure (Figure 4.17 (a)), provide
additional confirmation for a morphological change of crystals with incorporation of Larrea tridentata
infusion during sample synthesis. Besides being alike, which is expected since the organic influence cannot
be detected by XRD measurements, these experimental spectra show well defined diffraction patterns, which
suggest an increase in sample crystallinity with the addition of Larrea Tridentata inhibitor.
In the interest of further clarification, the powder diffraction spectra acquired for the standard crystals,
which are crystals grown without inhibitor, and those for the infused samples with 10 ml, 25 ml, and 30 ml of
Larrea tridentata, were compared with the X-ray pattern simulations performed with the Materials Science
Modeling v4.0.0.0 Software package by Accelrys Software Inc.
In Figure 4.19, the simulated X-ray diffraction spectrum for calcium oxalate monohydrate and the
experimental spectrum of the standard sample, both in the 20 to 60 2Θ range are presented.

58

700

104

CaOx Control
CaOx Simulation COM

Intensity (Arbitrary Units)

600
500
400

431
023
150
200

040
040

-125
142

242

023

300

-223 100

-323

200 -142
061

200

-223
100

112
121

-125
061

-142

121

300
-161
-144300

100

024 261
025

0
20

25

30

35

40

45

50

55

60

2θ

Figure 4.19 Comparison of experimental control and simulated whewellite X-ray Diffraction (XRD) spectra.
The simulated spectrum is represented by a blue line plot and the experimental spectrum by a black
line plot; shown are the most distinctive plane distributions obtained through a LaBeil Fit of the experimental
control sample and the simulated XRD spectra from an Accelerys computation. While a correlation between
the two spectra is observed this figure, which is defined by the common diffraction peaks around 24, 30, 31,
32, 36, 37, 38, 40, 43, 46, 47, and 49 2Θ degrees, there are also peaks in the experimental spectrum with no
correspondence to a monoclinic structure, such as those at 28, 33, 34, and 35 2Θ. The most intense
diffraction peak seen at 28 2Θ is associated with a dihydrate structure. Thus, the standard sample contains a
mixture of monoclinic and dihydrate crystallographic morphologies, which is common on the formation of
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real urinary calculi.
Figure 4.20 shows the spectrum of the X-ray diffraction simulation for calcium oxalate dihydrate and
the experimental spectrum of the Larrea tridentata infused sample, both in the 20 to 60 2Θ range. The
simulated spectrum is colored in red and the experimental spectrum is plotted with a black line; shown are the
most distinctive plane distributions obtained through a LaBeil Fit of the experimental Larrea tridentata
infused sample for 30 ml and the simulated XRD spectra from an Accelerys computation.
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Figure 4.20A Comparison of experimental Larrea tridentata 30 ml and simulated weddellite X-ray Diffraction
(XRD) spectra.
The overlapping of the most intense peak in the experimental spectrum at 28 2Θ with a simulated
diffraction line, which corresponds to a dihydrate type morphology, confirms the previous association of this
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peak in Figure 4.20. Comparison of these two spectra reveals, besides a relatively good correlation, the
existence in this sample of a different dominant morphology, which most probably is associated with the
presence of magnesium oxalate and most definitely COD.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
5.1 Summary and Conclusions
This study detailed the inhibitory influence of Larrea tridentata where it concerns the formation of
uroliths of the calcium oxalate variety. Several causes of urolithiasis have been known such as life habits,
diet, metabolic disorders, and genetic factors, which have all been documented as sources that aggravate
calculi depositions and aggregations. Therefore continued work in developing effective and efficient
inhibition and treatment techniques is needed. This study endeavored to detail the scientific mechanisms
involved in calcium oxalate calculi inhibition under growth conditions imposed by the traditional medicinal
approach using the herbal extract Larrea tridentata. The calculi exemplars were synthesized without and
with Larrea tridentata infusion by employing the single diffusion gel technique. A visible decrease in calcium
oxalate crystal growth with increasing amounts of Larrea tridentata herbal infusion was found, as observed in
photomicrographs. The presence of the infusion was also evidenced as a color change from a whitetransparent for pure crystals to light orange-brown for crystals with inhibitor. Employing scanning electron
microscopy it was shown that the tetragonal structure type of hemimorphic plane distributions , plus the
tetragonal pyramid, the tetragonal prism, and the pedion evidenced by the images demonstrated a weddellite,
calcium oxalate dihydrate, transformation from the monoclinic, spherulitic structure type plane distributions.
Thus, the results of this study suggest the pseudomorphism transformation of the monoclinic structure of
whewellite, calcium oxalate monohydrate, into the dipyramidal tetragonal structure of weddellite, COD,
crystals [46]. The powder diffraction spectra taken on the control and on the 10 ml, 25 ml, and 30 ml Larrea
tridentata infused samples were compared against simulations using the Materials Science Modeling v4.0.0.0
Software where correlations and additional planes demonstrate more crystallographic additions. The data
show a mixture of other types of crystal morphologies, definitely implying a conglomerate of compounds
typical of calculi formation via a complex mechanism of seeding and nucleation of a crystal form and then
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aggregating to enlargement with other crystal forms as evidenced in “in vitro” harvested calculi. The calcium
oxalate dihydrate pure simulation powder x-ray diffraction distribution taken from 2Θ values of 20 Θ to 60 Θ
and the experimental spectrum of the Larrea tridentata infused sample taken within the same parameters
showed that the measured spectrum is due to less crystallographic morphology. Also there is evidence that
magnesium might be present within the structure, as an interstitial planar addition, or on the outside core of
the sample due to the addition of the catalyst and precursor, MgSO4, to mitigate HCl formation. Although a
minuscule addition, the MgSO4, namely 0.004 M, might have influenced some of the nucleation. An in vitro
reproduction of calculi formation was attempted but this nevertheless supports the premise of this study,
which is the inhibition of urinary calculi formation. Although, unlike the control sample, there are fewer
planar signatures in the spectral distributions for the Larrea tridentata samples, they are strikingly similar, if
not the same, demonstrating correlating mechanisms and good experimental form. The spectra of the Larrea
tridentata samples further demonstrate a definite change in morphology and an inhibitory vehicle in play.
Analysis of the samples included Raman, infrared absorption, scanning electron microscopy, and
powder x-ray diffraction techniques. The data support the possibility of the inhibiting mechanism being the
binding of the Magnesium of the inhibitor with the carbonyl  ିܱܱܥsites of the calcium oxalate crystal. This
could decrease the number of available  ିܱܱܥsites for growth of the usual monohydrate phase and cause
increased hydration of the crystal surface, with an overall transition in morphology from that of monohydrate
to that of dihydrate. Both the Raman and the infrared absorption support this hypothesis.

Further

corroboration, although not extensively studied, the results from Frost et al. [78] of magnesium oxalate
thermal experimental studies show that the Raman peaks at 1637ܿ݉ିଵ, 1661ܿ݉ିଵ, and 3370 ܿ݉ିଵ are
relative signature peaks of magnesium oxalate [78]; shown below in figures 5.1-5.2. There is limited
scientific study of magnesium oxalate; although the known dihydrate form of magnesium oxalate has some
review, the other forms have been known but remain to be studied [78]. The infrared spectral peaks of
magnesium oxalate according to Frost et al. [78] corroborate at the peaks of absorbtion at 3382 ܿ݉ିଵand
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1600 ܿ݉ିଵto 1630 ܿ݉ିଵ; although figures 5.3-5.4 below are graphed showing the range as absortion instead
of how this study graphed the spectra range as transmission. The scanning electron microscopy revealed the
transformation from the pseodomorphism monoclinic crystal structure of the calcium oxalate monohydrate to
the pseudomorphological tetragonal dipyramidal crystal structure of the calcium oxalate dihydrate. The
powder diffraction experimental and simulated spectra comparison demonstrated that for all the samples the
respective pure crystal form is not unique but a conglomerate of both of the structures and, for the Larrea
tridentata infused samples, additional organic compounds with less crystal morphology and evidence of
inhibition. Thus further work is required to characterize all the mechanisms, be their chemical organic
influences, nucleation mechanisms, and/or thermal morphological influences. Also a quantitive study of the
Raman, infrared, and x-ray diffraction spectra may be done in the future to further examine the crystal
formation and inhibition mechanisms. Infusion of new samples with herbal inhibiting chemical extracts can
be used to identify and analyze the inorganic and/or organic inhibition mechanisms.

64

Figure 5.1 A comparison of thermally treated magnesium oxalate Raman spectra between 1300 ܿ݉ିଵ - 1800
ܿ݉ିଵ, Frost et al. [78].
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Figure 5.2 A comparison of thermally treated magnesium oxalate Raman spectra between 3000 ܿ݉ିଵ - 3600
ܿ݉ିଵ, Frost et al. [78].
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Figure 5.3 A comparison of thermally treated magnesium oxalate infrared spectra between 2700 ܿ݉ିଵ 4000 ܿ݉ିଵ, Frost et al. [78].
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Figure 5.4 A comparison of thermally treated magnesium oxalate infrared spectra between 1000 ܿ݉ିଵ 2000 ܿ݉ିଵ, Frost et al. [78].
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GLOSSARY
Acid. Any chemical compound that, when dissolved in water, gives a solution with a hydrogen ion activity
greater than in pure water, i.e. a pH less than 7.0 in its standard state [79].
Acicular. A needle-like crystal habit in crystallography [79].
Agglomerate. From the Latin word, “agglomerare,” meaning, “to form into a ball,” [79].
Anion. An ion with more electrons than protons, giving it a net negative charge [79].
Appatite. A group of phosphate minerals, usually referring to hydroxyapatite, fluorapatite, chlorapatite and
bromapatite, named for high concentrations of OH−, F−, Cl− or Br−ions, respectively, in the
crystal [79].
Azotemia. A medical condition characterized by abnormally high levels of nitrogen-containing compounds,
such as urea, creatinine, various body waste compounds, and other nitrogen-rich compounds in
the blood. It is largely related to insufficient filtering of blood by the kidneys [79].
Base. Any chemical compound that, when dissolved in water, gives a solution with a hydrogen ion activity
lower than that of pure water, i.e. a pH higher than 7.0 at standard conditions [79].
Biconcave. Curving inward on both sides or surfaces [79].
Calculus. A small stone in Latin [79].
Cation. An ion with more protons than electrons, giving it a positive charge [79].
Cystine. Dimeric amino acid formed by the oxidation of two cystine residues which covalently link to make
a disulfide bond [79].
Dihydrate. Having two water molecules [79].
Hematuria. The presence of red blood cells, erythrocytes, in the urine [79].
Hydronephrosis. Distension and dilation of the renal pelvis and calyces, usually caused by obstruction of the
free flow of urine from the kidney, leading to progressive atrophy of the kidney [79].
Indigotin. A stone made from indican, a colorless, water-soluble derivative of the amino acid tryptophan [79].
Inorganic. Considered to be of a mineral, not biological, origin [79].

Ion. An atom or molecule in which the total number of electrons is not equal to the total number of protons,
giving it a net positive or negative electrical charge [79].
Luster. A description of the way light interacts with the surface of a crystal, rock, or mineral [79].
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Mohs scale. A scale that characterizes the scratch resistance of various minerals through the ability of a
harder material to scratch a softer material [79].
Monoclinic. One of the 7 lattice point groups; the crystal is described by vectors of unequal length, as in the
orthorhombic system where they form a rectangular prism with a parallelogram as its base;
hence two pairs of vectors are perpendicular, while the third pair makes an angle other than 90°
[79].
Monohydrate. Having one water molecule [79].
Nephrolithiasis. Results from stones or renal calculi in the ureter [79].
Nephros. Greek word for kidney [79].
Oliguria. The decreased production of urine [79].
Organic. Considered to be a living organism or of a living organism, biological, origin [79].
Oxalate. Di-carbon tetra-oxygen, ܥଶ ܱସ.
Phosphate. An inorganic chemical, a salt of phosphoric acid [79].
Postrenal azotemia. Blockage of urine flow in an area below the kidneys.
Pyuria. Refers to urine which contains pus [79].
Renal Colic. A type of pain in the lower back commonly caused by kidney stones [79].
Specific gravity. The ratio of the density, mass of a unit volume, of a substance to the density of a given
reference material [79].
Struvite. A phosphate mineral with formula, ሺሺܰܪସ ሻ ∙ ܱܲ݃ܯସ ∙ 6ܪଶ ܱሻ [79].
Sulphonamide. A sulfonyl group connected to an amine group [79].
Thermogravimetric analysis. A type of testing that is performed on samples to determine changes in weight
in relation to change in temperature [79].
Urates. A heterocyclic compound of carbon, nitrogen, oxygen, and hydrogen with the formula, ሺܥହ ܪସ ܰସ ܱଷ ሻ
[79].

Ureters. Muscular tubes that propel urine from the kidneys to the urinary bladder [79].
Ureterolithiasis. The condition where urinary calculi are formed in the ureters [79].
Urethral canals. Urinary channels [79].
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Urolithiasis. The condition where urinary calculi are formed in the urinary tract [79].
Urostealith. A fatty or resinous substance identified by the Austrian chemist J. F. Heller in 1845 as the main
constituent of some bladder stones [79].
Weddellite. The mineral form of Calcium Oxalate Dihydrate, ሺܽܥଶ ܥଶ ܱସ ∙ 2ܪଶ ܱሻ.
Whewellite. The mineral form of Calcium Oxalate Monohydrate, ሺܽܥଶ ܥଶ ܱସ ∙ ܪଶ ܱሻ.
Xanthine. A purine base found in most human body tissues and fluids and in other organisms [79].
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